To advance modern surgical techniques of endoscopic knot tying, encompassing a new appreciation of knot-tying theory and the application of second-generation, purpose-designed instruments.
Summary Background Data
During open surgery, surgeons automatically create the surgical half-hitch by using either instrument or hand/finger knottying methods (figure 4). Each of these methods, which are mirror images of each other, forms the same result, the halfhitch. Two opposing half-hitches are needed to form a square knot. There are many ways for new-generation instruments to create a secure square knot during endoscopic surgery. An overview of the current endoscopic knot-tying methods is presented.
Methods
The author presents a theoretical analysis of square knot-tying techniques as applied during instrument and hand/finger movements. The application of a mirror-image concept was considered in the analysis of these two contrasting methods.
Results
There are 12 ways to create a square knot, some of which have previously not been described or needed in open surgery. Some of these methods have particular application in endoscopic surgery.
Conclusions
A new understanding of knot-tying theory has been developed, with innovative methods being defined for tissue approximation during endoscopic surgery. These ergonomic, efficient, and contrasting methods of knot tying are described using second-generation endoscopic instruments. The new techniques have direct and broad application in many fields of minimally invasive surgery.
Tissue approximation by intracorporeal suturing and knot tying is poised to make a resurgence with the appreciation of new techniques and the application of second-generation, specially designed instruments. During open surgery, the half-hitch can be tied by two different actions: an instrument-tie method or a one-handed, hand-tie method. These two methods, which form the same result, the half-hitch, are mirror images of each other. With the standard instrument method, reverse-directed loops of the suture bight are formed on the instrument. Then the tail is grasped and pulled through these loops to make a half-hitch or surgical half-hitch ( Fig. 1 ). In contrast, using the one-handed hand tie, the suture is held clamped between the thumb and middle finger while the index finger manipulates the tail forward around the bight to form the half-hitch ( Fig. 2 ).
When performing tissue approximation during endoscopic surgery, some surgeons use the open-surgery instrument techniques of knot tying. These methods, however, create three major difficulties with respect to learning and performance. The difficulties relate particularly to the following:
• The visualization and execution of these methods as a two-dimensional image on the television monitor • The restrictions on instrument movement during endoscopy • The use of modified open-surgery instruments, which may not have been ergonomically designed for intracorporeal knot tying. These instruments commonly entrap the fingers, therefore limiting full and free axial instrument rotation.
The recognition of these difficulties and the option of using innovative methods of surgical knot tying have led to the development of new instruments. [1] [2] [3] [4] [5] [6] One such instrument, modeled on the surgeon's hand, includes significant Modern Theory of Endoscopic Knot Tying ergonomic features in the handle and the jaw-clamping mechanism. The handle design allows free instrument axial rotation in either direction and incorporates a jaw-locking mechanism. The jaw also incorporates a loop-forming, spiral spur appendage. This spur mimics the role of the surgeon's index finger in the formation of a one-handed hand tie, thus helping the surgeon tie a knot at the tissue site. The instrument is made as a complementary right-and left-hand pair in which the spiral spur is directed counterclockwise and clockwise, respectively. This instrument can be completely disassembled for cleaning, inspection, and autoclave sterilization before reuse (Fig. 3) . Instrument axial rotation is readily recognized and adds to the perception of depth and allows an appreciation of instrument movement when viewed on the two-dimensional television monitor. This instrument provides the surgeon with a robot-like extension of his or her hand, thereby enhancing suture control. These new techniques facilitate the tying of a wider range of other intracorporeal knots 5,6 at the tissue site. Figure 9 . Instrument tie versus hand-tie method using instruments.
METHODS

Instrument Methods of Knot Tying
In all common instrument-tied square knots, during both open and endoscopic surgery, the reverse-directed instrument loops are formed on the bight as either:
• An open surgery instrument-tie method using two instruments but applied in the intracorporeal situation 1 (Fig. 5 ), including the Ferzli instrument method. 2 These two instruments may also be a right-and left-hand pair, as described above.
• An extracorporeal instrument-tie method, with subsequent transfer to the intracorporeal tissue site using instrument-pushing techniques. 1 These methods are not applicable to delicate tissues and are slower than the above.
Also available are sutures with preformed noose and slip/locking knots, with or without an incorporated atraumatic needle for suturing. 3 These knots are transferred to and tightened at the tissue site using accessory instruments. 1
Hand-Tie Methods
Hand-tie methods involve the standard and well-known open surgery hand/finger-style knot, formed extracorporeally, with subsequent instrument transfer of each half hitch to the tissue site. These knots may be formed as either a two-handed, hand-tied square knot technique or a onehanded, hand-tied square knot technique. 1 Hand methods can also be used to form extracorporeal slip/locking knots, with subsequent accessory instrument transfer of the knot to the tissue site (e.g., Roeder knot).
Innovative Instrument Method
With this method, the aforementioned one-handed, handtied technique of open surgery (see Fig. 2 ) can be performed at the tissue site using specially designed paired left-and right-hand instruments 1, 4, 5 (Fig. 6 ).
Combination Method
The combination method 6 has the potential to become the universal laparoscopic knot of the future at institutions where advanced, minimally invasive surgery is performed. The knot is tied by first using the instrument-tie technique to form a half-hitch or surgical half-hitch, followed by an instrument-executed hand tie to form the second half-hitch. These two half-hitches can be performed with paired leftand right-hand instruments so that only one instrument exchange is required to form the knot (Fig. 7) .
The latter two intracorporeal methods promote the efficient and expeditious formation of secure square knots at the tissue site.
Square Knot Theory
A surgical square knot requires the formation of two opposing half-hitches, each created by either instrument or hand-tie methods. With the instrument method, reversedirected loops are created on the bight; in contrast with the hand-tie method, where the tail is manipulated forward around the bight, using the fingers to create the loop. The knot is formed as either right-over-left followed by rightunder-left, or the alternative knot, performed in the opposite sequence. There are therefore four different yet simple ways to form a square knot (Fig. 8) .
The hand-tie and the instrument techniques are mirror images of each other, and the hand-tie method can easily be performed with specially designed instruments. Therefore, if any two of these half-hitch methods are combined in different sequences, then the number of ways to tie a square knot using instruments increases to eight (Fig. 9 ).
In addition, because the standard open-surgery instrument tie has two actions (first loop formation and then tail manipulation), a further four instrument methods are possible if these two actions are separated. The reverse-directed loop can be formed by passing the instrument over or under and then around the suture bight. For two of these additional methods, the first reverse loop is formed around the instrument and then the tail is grasped. But instead of drawing the suture tail through the loop, as in a standard instrument tie, the tail is manipulated by the same instrument forward around the bight to form a hand-tie-style second half-hitch. Instrument exchange permits this semiautomation of square knot formation as the tail is then drawn through the first preformed loop.
The final two theoretically possible square knot methods involve interposing an instrument-executed hand-tie halfhitch between the two actions of the standard instrument-tie method. In this technique the partner instrument is used to form the half-hitch. The new-generation instruments expedite these latter four methods, which may have a role in endoscopic surgery. The mathematical formula applicable to this solution is (2 4 -2 2 ϭ 12), where 2 4 is the number of ways four different methods can be repeated once and 2 2 represents a repeat of the same half hitch, which does not therefore form a square knot.
DISCUSSION
The three aims of tying intracorporeal knots are to minimize instrument movement, to control suture tension, and to create secure square knots using standard atraumatic needles and sutures. The new knot-tying methods described in this article maximize the ways to tie intracorporeal knots and contrast with all other known instrument knot-tying techniques. They will have application in many fields of surgery. Their development is the result of an analysis of square knot theory, and their purpose is to demystify and to facilitate intracorporeal knot tying. Four of the 12 methods Vol. 234 • No. 5
Modern Theory of Endoscopic Knot Tying described are in common use during open surgery; some of the other methods described have particular application during minimally invasive surgery.
Surgeons should be prepared to question and review their skills of knot tying. The knot-tying skills used in open surgery can be transferred to the endoscopic field with varying degrees of success. The challenge is to consider learning the new methods. These new skills can be learned through self-taught techniques and practice or through formal courses and dedicated skills laboratories. Once learned, these skills can be applied to the confined spaces of endoscopic surgery.
The difficulties of endoscopic knot tying have been a major impetus for the development of alternative methods of tissue approximation such as clips, glues, and laser welding. However, initial suture stabilization may still be required before fixation by these alternatives. Shuttle suturing techniques cause trauma in their tissue passage and are not applicable to delicate tissues. The cost and the disposable nature of some of these alternatives add considerably to the overall expense of a procedure; in addition, lack of availability may preclude their common use.
The second-generation instruments described are not essential but do make the execution of these new methods easier. Instrument axial rotation and dextrous suture control both play a significant role, particularly in the methods described. Other intracorporeal knots are also possible. 4, 5 The surgeon who has learned these new skills of tissue approximation will return suturing and knot tying to the forefront of minimally invasive surgery in a cost-effective and efficient way.
